(M=Ti, Zr; X = Cl, Me, Bn; R = H, Me), which do not retain an alkyl ligand in their MAO-activated form, have recently proved to be active olefin polymerization precatalysts. This finding has prompted new investigations on such catalytic systems and the possible pathways through which polymerization occurs. [1] [2] [3] Within this context, well-known alkene isomerization has special relevance, as it takes place very often as a side reaction during olefin polymerization processes mediated by biscyclopentadienyl group 4 compounds, and is responsible for epimerization of chiral centers, stereoerrors, and the socalled chain walk of group 4 metallocenes along the alkyl polymer chain. 4, 5 Polymerization and isomerization share fundamental reactions in organometallic chemistry, such as olefin insertion into M-X (X = H, alkyl) bonds and the reverse, β-X elimination from a transition metal-alkyl. Thus, elucidation of the steric and electronic factors that control H and alkyl insertion/elimination reactions in monoalkyl constrained geometry compounds is of paramount importance for a better understanding of the mechanisms driving their polymerization and isomerization catalytic processes.
Recently, we reported the intramolecular allyl isomerization occurring in group 4 and 6 metal hydride compounds with the allyldimethylsilyl-η 5 -cyclopentadienyl ligand. [6] [7] [8] The design of such model species, which contain cyclopentadienyl units with a hemilabile binding profile, has proven to be a useful strategy to gain insight into their olefin isomerization mechanisms. Si NMR spectroscopy and elemental analysis.
The pendant allyl unit of the alkyl derivatives 6a and 7a isomerizes under certain reaction conditions. When benzened 6 solutions of 6a were heated to 120°C, the 1 H NMR spectra showed, after 10 days, the clean formation of the trans-1-propenyldimethylsilyl cyclopentadienyl compound [ZrMe-(η solutions of 7a at 120°C for ca. 14 days. When the reactions were carried out on a preparative scale, derivatives 6b and 7b were isolated after ca. 8-10 days at 120°C as yellow solids in ca. 70% yield. The selective allyl-to trans-1-propenyldimethylsilylcyclopentadienyl isomerization of both complexes 6a and 7a was unambiguously determined from Si NMR spectra of the final derivatives 6b and 7b. Selected NMR data assigned to the pendant olefinic unit for the alkyl compounds 6a, 6b, 7a, and 7b are shown in Table 1 .
Assuming a M-H addition-elimination mechanism, 9 transformation of 6a and 7a into 6b and 7b, respectively, would involve consecutive insertion and β-H, -alkyl elimination reactions of the Zr-C bond into the olefin unit, as shown in Scheme 3. In any case, β-methyl and, even less feasible, β-benzyl elimination processes are required as final steps of the reaction to produce compounds 6b and 7b, respectively, from the starting alkyl derivatives 6a and 7a.
To investigate the role of the alkyl ligand in these isomerization processes, we examined the thermal behavior of the allyldimethylsilylcyclopentadienyl chloro derivative 3. Unfortunately, compound 3 showed no isomerization of the allyl fragment under any of the conditions tested.
10
In order to learn more about the pathways followed for the M-alkyl ligand during the allyl isomerization, we decided to synthesize the labeled [Zr CH 3 elimination processes. These experimental results suggest a different isomerization mechanism, in which no β-H, -alkyl elimination reaction takes place during the allyl to 1-propenyl transformation. In order to confirm the nonfeasibility of such a mechanism, we made a DFT computational study of the consecutive methyl and hydride insertion/β-elimination steps on model system 6a. The energy diagram of the complete reaction pathway for the allyl to 1-propenyl transformation involves six steps with six computationally located transition state structures (TS) and five intermediates, represented as compounds A-E in Scheme 3. All calculated energy values are relative to 6a, which was taken as the H = 0, G = 0 energy. 11 The activation parameters for the first (TS6a-A; ΔH q =57.6 kcal/mol, ΔG q =61.4 kcal/mol) and the last step (TSE-6b; ΔH q =48.8 kcal/mol, ΔG q =52.8 kcal/ mol), which involve Zr-CH 3 bond breaking or formation, respectively, are too high to be possible even at high temperatures. Conclusive disagreement between the theoretical results and the experimental observations also involves all of the intermediates A-E, which, with the exception of species C, are more stable than the experimentally observed reaction product 1-propenyldimethylsilylcyclopentadienyl zirconium derivative 6b (ΔH=-2.9 kcal/mol, ΔG=-3.0 kcal/mol). If such insertion/elimination pathways were operating, zirconacycle A (ΔH=-12.8 kcal/mol, ΔG=-9.6 kcal/mol) should be the only product of the reaction, as it is, by far, the most stable compound. However, 6a and 6b or 7a and 7b are the only compounds detected when monitoring the isomerization reactions in benzene-d 6 by 1 H and 13 C NMR, and neither Zr-H nor zirconacycle species have been experimentally observed. All of these factors show that a M-H, -alkyl addition-elimination mechanism must be ruled out.
A second traditional mechanism for olefin isomerization is a metal-assisted 1,3-hydrogen shift. This process involves coordination of the olefin to the metal center followed by transfer of one allylic C-3 hydrogen to the metal, to give a (10) Thermal evolution of compound 3 is currently under study. Preliminary results indicate that there is no isomerization of the pendant allyl fragment but a cyclopentadienyl desilylation process.
(11) See Supporting Information for details of DFT calculations.
Article Organometallics, Vol. 28, No. 14, 2009 4167 π-allyl-M-hydride intermediate. This hydride ligand migrates to the olefinic C-1 to produce the allyl to 1-propenyl isomerization. For the zirconium system under study, one objection to this π-allylic mechanism is that the required net oxidative addition of a C-H bond to a Zr(IV) metal center is not feasible. Evidence of a M-N insertion route operating in the intramolecular hydroamination/cyclization, IHC, of aminoalkenes mediated by neutral amido zirconium compounds has been found recently, 12,13 and the viability of such a M-N insertion pathway in aminoallene IHC catalyzed by bis (amido) zirconium derivatives has been intensely studied by using the DFT method.
14 Thus, an isomerization mechanism involving insertion of the M-N bond into the pendant olefin present in derivatives 6a and 7a, shown in Scheme 4, should also be considered. Consistent with the strong M-N bond, 12 the four-membered transition structure constituting the simultaneous Zr-N, CdC bond cleavage and Zr-C, C-N bond formation affords high calculated energy values (TS6a-A 0 ; ΔH q =51.3 kcal/mol, ΔG q =56.1 kcal/mol) 15 from the DFT method. 4168 Organometallics, Vol. 28, No. 14, 2009 Petrisor et al.
Production of derivative 6b from the starting 6a through this M-N insertion mechanism requires formation of a hydride-methyl Zr intermediate species B
0 , which contains a pendant olefin fragment close to the metal center. The evolution of such a species at the working temperatures of 120°C is expected to follow favored reaction channels different from those required to afford the final 6b zirconium derivative. The hydrozirconation of such hydride-zirconium compounds with similar pendant alkene fragments has been demonstrated to be an easy process that is favored over double-bond isomerization. 5, 7, 16 Furthermore, analogous metallocene hydride-alkyl-zirconium species suffer thermal reductive elimination of alkane, 17 which occur even without addition of any exogeneous ligands at temperatures of ca. 75°C. These reasons, together with the calculated energies by the DFT method, led us to discount an isomerization mechanism involving olefin insertion into the M-N bond.
Metal complexes with metal-oxygen and -nitrogen bonds facilitate H-H and C-H bond activation reactions. The positioning of a nucleophilic/basic heteroatom ligand (amido, alkoxo, imido, oxo, etc.) adjacent to a Lewis-acidic metal center provides opportunities for activation of organic substrates toward controlled bond-breaking and bondforming reactions.
18 Weak C-H 3 3 3 X interactions are claimed to be responsible for this kind of reactivity.
19 As formation of M-hydride intermediate species can be rejected, we took into account these antecedents and considered the possibility that isomerization of derivatives 6a and 7a is initiated through an unusual Zr-N-assisted 1,3-allylic proton shift.
The proposed isomerization pathway would occur in two steps, shown in Figure 1 . The first step consists of a net addition of a methylenic C-H bond across the Zr-N bond, via a four-membered transition structure (TS6a-F), in which Zr, N, C, and H atoms are involved. The Zr-C(1-3) bond distances (3.94, 5.18, 6.18 Å , respectively) found for TS6a-F agree well with a σ-allyl-Zr disposition. An intermediate (F) of high energy, containing a secondary amine pendant ligand and a π-allyl-Zr bond, is formed. This disposition is energetically favored over a σ-allyl-Zr system. The following deprotonation of the amine group, which gives rise to the zirconium complex 6b, takes place through a six-membered transition state (TSF-6b), with the three allylic C atoms, Zr, H, and N centers involved. A π-allyl-Zr representation for TSF-6b is upheld for the calculated Zr-C(1-3) bond distances (3.37, 3.65, 4.05 Å , respectively) of this transition state.
The activation energies of protonation and deprotonation steps are rather high, both over 40 kcal/mol, but they agree well with the high reaction temperatures required experimentally. Most remarkably, the activation parameters of these pathways are more than 10 kcal/mol lower in energy than those calculated for the mechanisms involving insertion/elimination steps into M-alkyl or M-amido bonds. In agreement with the experimental results, the overall process is thermodynamically driven to the formation of the most stable compound, 6b (ΔH=-2.9 kcal/mol, ΔG= -3.0 kcal/mol). Finally, IRC calculations undoubtedly show the connection between the two transition state structures, TS6a-F and TSF-6b, and the cyclopentadienyl pendant olefin systems 6a and 6b through intermediate F.
In )] (R=Me, Bn) compounds. Whichever isomerization mechanism is responsible, selectivity to the trans-isomer formation is a consequence of the geometry imposed by the chelating character of the cyclopentadienyl-olefin ligand. On the basis of the experimental work and DFT computational studies reported here, an isomerization mechanism consisting of a 1,3-proton shift mediated by a noninnocent amide ligand is proposed.
Experimental Section
General Information. All manipulations involving syntheses of metal complexes and catalysis were performed at an argon/ vacuum manifold using standard Schlenk-line techniques under an argon atmosphere or in a glovebox MBraun MOD system. Solvents were dried by conventional procedures and freshly distilled prior to use. O solution of 1 (0.24 g, 0.62 mmol), 2 (0.21 g, 0.47 mmol), or 3 (0.23 g, 0.47 mmol), respectively, and the reaction mixture was stirred for 12 h at room temperature. Solvent was completely removed from the resulting yellow suspension under vacuum, and the solid residue was extracted into hexane (3Â5 mL). Removal of the hexane from the yellow solution gave yellow to orange foams, which were identified as pure derivatives 4, 5, and 6a, respectively, in isolated yields of 0.21 g of 4 (91%), 0.19 g of 5 (92%), and 0.18 g of 6a (88%). 6a: Anal. Calcd for C 22 H 37 ZrNSi 2 : C, 57.08; H, 8.08; N, 3.03. Found: C, 56.70; H, 7.99; N, 2.90. 1 H NMR (plus HSQCGP, 400 MHz, C 6 D 6 ): δ 6. 55, 6.22, 6.08, 6.07, 5.97, 5.92, 5.81, 5.80 (all m, each 1H, C 5 -C 5 H 4 SiMe 2 CH 2 CHdCH 2 )] (7a). A THF solution of BnMgCl (0.52 mL, 1.06 mmol) was added at room temperature to a solution of 3 (0.26 g, 0.53 mmol) in THF (5 mL). Stirring the reaction mixture for 3 days at 50°C gave a yellow suspension. The solvent was removed under vacuum, hexane (2Â3 mL) was then added to the oily residue, the resulting suspension was filtered, and the yellow solution was dried under vacuum to produce a yellow oily residue, which was identified as pure derivative 7a. Yield: 0.26 g (93%). Anal. Calcd for C 28 H 41 ZrNSi 2 : C, 62.39; H, 7.67; N, 2.60. Found: C, 62.25; H, 8.39; N 2.22. 1 
